frame-shift and produces a prematurely truncated DFNA5 protein. In this study, we reported the identification of a novel DFNA5 mutation, IVS8+1 delG, in a Chinese family which again led to exon 8 skipping and subsequently to nonsyndromic sensorineural hearing impairment. To the best of our knowledge, this is the second description of a DFNA5 mutation in intron 8.
Methods

Pedigree and clinical evaluation
A five-generation Chinese family, designated as JSNY-052, was ascertained from the Department of Otolaryngology, First Affiliated Hospital of Nanjing Medical University [ Figure 1 ]. Eighteen family members, including 12 presumably affected and 6 presumably unaffected individuals, participated in this study. Ethical approval was obtained from the Ethical Committee of Nanjing Medical University for human studies and written informed consent was obtained from all participants. Medical histories, including the degree of hearing loss, the age of onset, the progression of hearing impairment, use of aminoglycosides, noise exposure and other relevant clinical manifestations, were collected. Nongenetic causes of hearing loss were excluded. All individuals included in this study underwent otological examination, with particular attention paid to the presence of any syndromic findings. Pure-tone audiometry was performed in 8 affected and 6 unaffected family members. Immittance, auditory brainstem response (ABR) and distortion product otoacoustic emissions (DPOAEs) were performed in two affected subjects only. The computerized tomography of the temporal bone was done in the proband (IV-12).
Targeted genomic capture and variation analysis
Peripheral blood samples were obtained from all the participants, and genomic DNA was extracted using a blood genomic DNA extraction kit (TianGen, Beijing, China). The coding exons and flanking regions of 101 known deafness genes, as well as 3 mitochondrial DNA and 3 microRNA regions, were target-enriched as previously described. [10] A minimum of 3 μg DNA was used to generate indexed Illumina libraries, and the final library size was 300-400 base pairs. Captured DNA fragments were sequenced on an Illumina HiSeq2000 Analyzer with paired-end reads of 100 base pairs. After that, high-quality reads were retrieved from raw reads by filtering out the low-quality reads and adaptor sequences using the SolexaQA and the Cutadapt (http://code.google.com/p/ cutadapt/). Variations were first selected if they appeared in the 1000 Genome Project database with a MAF >0.05, then were selected if they appeared in the 300 local Asian Genome database. Reads were aligned to the reference genome (NCBI37/hg19) using the BWA software (Solectek Corporation). Single nucleotide polymorphism (SNPs) and InDels were identified using the SOAPsnp and GATK programs, respectively. Finally, nonsynonymous variant information was collected and predicted for pathogenicity using four algorithms, PolyPhen, SIFT, PANTHER, and PMut.
Co-segregation analysis between the hearing loss and the candidate pathogenic variants were performed for all available family members by direct polymerase chain reaction (PCR)-Sanger sequencing. Genomic DNA was amplified with the primers 5'-GCTGCGGGTCGTACTTTCCTC-3' and 5'-TAGGGAGGCTTGTGCTGGATG-3'. As for controls, DNA samples from 120 unrelated normal hearing individuals were also collected.
Real-time polymerase chain reaction analysis
Total RNA was isolated from peripheral blood of the family members using Trizol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's guidelines. One-step real-time PCRs (RT-PCRs) were performed using a Prime Script RT reagent kit (Takara, Dalian, China). For initial testing of skipping of exon 8, the cDNA was amplified using a forward primer from exon 7, 5'-AACAGACAGCTTTGAGTGACA-3', and a reverse primer from exon 10, 5'-ATCCCAAACCTTTCTGTATCT-3'. For the detection of alternative splicing in other parts of the mRNA in DFNA5, the primers were selected as previously described. [5] PCR reactions were performed in a standard time/temperature profile, and the amplified fragments were sequenced on an automated sequencer (ABI 3730, Applied Biosystems, Foster City, CA, USA).
results
Clinical findings
The pedigree of the family [ Figure 1 ] comprises 53 members in five-generations and shows autosomal dominant inheritance. Fourteen individuals were diagnosed as having a hereditary hearing loss by audiological evaluation and medical history taking. Of whom, 12 were still alive and available for this study. The hearing loss was first reported at ages from 8 to 30 years and manifested itself as progressive and nonsyndromic. Pure-tone audiograms of eight patients showed bilateral moderate to profound sensorineural hearing loss [ Table 1 ]; both ears were similarly affected except III-9, who suffered from chronic suppurative otitis media in the left ear and demonstrated an asymmetric hearing loss [ Figure 2 ]. In most cases, the hearing loss was severest at the high frequencies, making a down-sloping audiometric configuration. Other audiometric configurations included the mid-frequency U-shaped form in two patients (III-11, IV-12), and the flat form in one patient (III-9). Extended audiological examinations, including immittance, ABR and DPOAEs in the 2 affected individuals revealed a cochlear involvement. Aside from hearing loss, the patients were phenotypically normal. None of them complained of vestibular symptoms. An imaging study of the temporal bone in the proband was normal.
Identification of DFNA5 IVS8+1 delG mutation
The genomic DNA of three affected individuals was subjected to targeted exome sequencing. More than 96.50% of targeted regions were covered for each sample with an average sequencing depth of 142.8. The coverage of the targeted exons ranged from 95.20% to 96.10% for the >×10 reads and from 91.60% to 93.40% for the >×20 reads, respectively. All mitochondrial DNA and microRNA regions were sequenced at a depth of over × 100. Sequence quality of all known deafness genes or regions was measured. Finally, more than 140 variants were detected for each sample. To give priority to the identification of deleterious mutations (missense, nonsense and splice variants), a series of filtering strategies, including HapMap 28, SNP databases and multiple algorithms (PolyPhen, SIFT, PANTHER and PMut) were adopted. Following this step-by-step filtering protocol, only one novel DFNA5 splice site mutation, IVS8+1 delG, was likely to be pathogenic according to this criterion [ Figures 3 and 4a ] . Sanger sequencing of all available family members showed that this mutation faithfully co-segregated with the disease phenotype in this family. However, the mutation was absent in the 120 control participants.
Validation of skipping of exon 8 in DFNA5
To investigate the potential effect of the IVS8+1 delG mutation on mRNA splicing, we designed primers from exon 7 and exon 10 to amplify the cDNA fragment from peripheral blood mRNA. This yielded a cDNA fragment of 424-bp in controls and an additional 231-bp fragment in the affected individuals. Sequence analysis of aberrant RT-PCR product showed skipping of exon 8 in the mutant transcript, which resulted in a direct connection of exon 7 to exon 9 [ Figure 4b ]. Skipping of exon 8 led to a frame-shift in coding sequences with a stop codon at position 372, [3] which resulted in changes of 41 amino acids (residuals 331-371) and in-frame deletion of 126 amino acids in the reading frame. No mutations in any part of the mRNA were detected by RT-PCR with other primers. 
dIscussIon
In the present study, we described the ninth DFNA5 family with autosomal dominant hearing impairment. The affected individuals exhibited a very similar clinical phenotype to that of previously reported families with the DFNA5 mutations. [3] [4] [5] [6] [7] [8] [9] The hearing loss is late-onset, nonsyndromic, progressive, bilaterally symmetric (except patient III-9), and sensorineural that usually started at high frequencies. None of the patients complained of vestibular symptoms although the vestibular function was not tested. In this family, targeted next-generation sequencing combined with co-segregation analysis led to the identification of a novel DFNA5 mutation, IVS8+1 delG, which is located in the splice site of intron 8. The mutation abolishes the known splice donor site of DFNA5 intron 8, leading to the abnormal splicing reaction between the splice acceptor site in intron 8 and the donor site in intron 7. As a consequence, this mutation would result in skipping of exon 8 at the mRNA level. The IVS8+1 delG was present in all affected individuals, and was not detected in other family members and 120 unrelated control DNA samples of Chinese origin, indicating that this mutation is the molecular basis for the hearing loss.
In addition to the genetic factors, hearing loss is also affected by the environmental factors. In this study, we cannot rule out the possibility that environmental factors modify the clinical phenotype of DFNA5 mutation, as the patient III-9 who suffered from chronic suppurative otitis media in the left ear clearly demonstrated a different severity of hearing loss for both ears, while the other seven patients without ear disease exhibited a symmetric hearing loss [ Figure 2 ]. This finding indicates that otitis media may also contribute to the phenotypic expression of the deafness-associated DFNA5 mutation.
Until date, a total of six deafness-causing mutations in the DFNA5 gene have been reported in nine families [ Table 2 ]. Apart from two Dutch families described by Van Laer et al. [3] and Bischoff et al., [5] the others were all pedigrees of East Asian origin. In addition, of all reported DFNA5 mutations, a 3-bp deletion mutation (c. 991-15_991-13del) was confirmed in a Chinese, a Korean and two Japanese families with autosomal dominant NSHL. [4, 7, 8] After comparison of the mutation-linked haplotypes of these families, a single origin of this mutation was suggested. [7, 8] These findings indicate the possibility of ethnic specificity for DFNA5 mutations, and the c. 991-15_991-13del mutation may be a frequent cause of hearing the loss in the East Asian populations. It is thus reasonable to perform a regular diagnostic test for the DFNA5 mutations in these populations with autosomal dominant NSHL.
The molecular pathogenic mechanism of NSHL associated with DFNA5 mutations remains unclear. As shown in Table 2 , all the currently known DFNA5 mutations are located in introns 7 or 8, and are expected to lead to skipping of exon 8 in the mutant transcript although these mutations may differ at the genomic DNA level. [4, 5] Skipping of exon 8 results in a shift in the reading frame and thereby causes premature truncation of the encoded protein. While a truncating mutation, c. 640insC, in exon 5 of DFNA5 did not segregate with the clinical phenotype in an Iranian family with the autosomal dominant hearing loss. [11] This mutation did not lead to exon 8 skipping, but truncated the protein in the fifth exon and led to a loss of function. Furthermore, a Dfna5 knockout mice generated through the deletion of exon 8 had no significant hearing loss, even though morphological studies demonstrated significant differences in the number of fourth row outer hair cells between Dfna5-/-mice and their wild-type littermates. [12] Van Laer et al. [12] believed that the differences in the type of mutation rather than the genetic backgrounds best explain the phenotypic difference between the human and the mouse mutant. These observations suggest that only skipping of exon 8 but not other mutations in other parts of the DFNA5 gene results in hearing loss, and the hearing loss associated with DFNA5 might represent a mechanism of gain-of-function rather than haplo-insufficiency. The description of two patients harboring a genomic deletion in the chromosomal region encompassing DFNA5 but showing no signs of hearing loss [13] further strengthens the hypothesis. Other evidence supporting the hypothesis of a deleterious new function for mutant DFNA5 derived from two experimental studies. [4, 5] It was demonstrated that transfections of human mutant DFNA5 exerted toxic effects on both yeast [14] and mammalian cells. [15] In conclusion, we described here a five-generation Chinese family with autosomal dominant late-onset NSHL. In this family, a novel DFNA5 mutation IVS8+1 delG leading to skipping of exon 8 was identified through targeted gnomic sequencing and co-segregation analysis. This is the sixth DFNA5 mutation relates to hearing loss and the second one in DFNA5 intron 8. Our results provide further support to the hypothesis that the DFNA5-associated hearing loss is caused by a very special gain-of-function mutation. [7] Japanese (2) c. 991-15_991-13del Intron 7 Skipping of exon 8 Nishio et al. (2014) [8] Chinese (1) c. 991_2A>G Intron 7 Skipping of exon 8 Chai et al. (2014) [9] Chinese ( 
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